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Charge  coupled  devices  (fCD'sl  were  studied  under  this  project  to  investi- 
gate the  feasibility  of  integrating  several  sonar  beamforming  functions  on  a 
single  solid-state  'chip'.  These  devices  will  be  very  important  for  multi- 
element high  resolution  sonar  systems  because  they  are  compact,  reliable,  and  use 
little  power. 

Two  CCD  devices  have  been  fabricated  and  tested  with  privnising  results. 

One  is  the  Charge  Coupled  Processor  (CCP'  which  perform<;  several  functions  needed 
for  narrowband  'holographic ' beamforming.  \ four-input  CCP  evper iiwnt al  device 
has  been  tested  successfully.  The  other  device,  the  Cascade  Charoe  Coupled  Device 
(C30),  combines  several  functions  roguired  for  a broadband  time-delay  beamforiner. 

A tO-input  device  has  been  tested  and  has  performed  beamforming  for  simulated  inputs. 
Descriptions  and  experimental  results  of  both  devices  will  be  discussed  in  this 
report . 

Charge  coupled  devices  are  currently  being  used  in  many  appl icat  ions  including 
image  sensing,  digital  and  analog  signal  processing,  and  immiories.  Much  research 
is  being  done  on  their  applications,  characteristics,  and  fabrication,  and  a wide 
technology  base  is  being  developed. 

CCD's  are  similar  in  many  respects  to  other  simii conduct  or  devices.  TWey  shano 
the  advantages  of  reliability,  compatibility  with  other  electronic  circuit 
elements,  low  power  and  voltage  reguirtwiits.  and  t^impactness.  Their  manufactur ing 
process  uses  methods  and  facilities  already  developed  for  stxni conduct  or  fabrication. 

Charge  coupled  devices  are  basically  analog  in  nature.  Their  most  important 
application  is  in  the  manipulation  of  information.  Tlie  information  is  represented 
by  the  amount  of  mobile  electric  iharges  in  a discrete  'packet'  stored  within  a 
semiconductor  storage  element.  Such  charge  packets  are  transferred  to  similar 
adjacent  storage  elements  by  the  external  manipulation  of  voltages.  Due  to  their 
inherent  structural  simplicity,  CCD's  can  perform  many  infotmiation  processing 
functions  in  a small  area  while  reguiring  only  a few  simple  controlling  signals. 
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The  potential  to  perform  several  information  processing  functions  on 
a single  chip  is  important  because  it  represents  a possible  practical  means  of 
manipulating  array  information  to  perform  beamforming  for  high-resolution  sonars 
with  many  elements.  The  object  of  this  study  was  to  investigate  the  feasibility 
of  combining  several  beamforming  functions  in  a single  charge  coupled  device. 

The  results  of  this  study  of  two  charge  transfer  devices,  the  Charge 
Coupled  Processor  and  the  Cascade  Charge  Coupled  Device,  demonstrate  the  feasi- 
bility of  custom  designed  CCD  chips  for  sonar  applications.  Bendix 
recomnends  that  this  charge  transfer  device  project  be  continued  to  develop 
increased  device  dynamic  range,  further  improvement  in  the  CCD's  dynamic  range 
could  significantly  expand  the  CCD's  application  to  future  sonar  systems. 

This  report  will  discuss  the  basic  concepts  of  CCDs  used  in  a high- 
resolution  sonar.  Descriptions  and  experimental  results  of  the  CCP  and  C3D 
will  follow. 
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2.0  CHARGE  COUPLEO  OEVlfE  CONCEPTS 
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CCO's  are  t>a';ica11v  conduct  or  devices  which  manipulate  information 
stored  as  packets  of  electric  charge.  The  transfer  of  charge  packets  from  one 
semiconductor  storage  elemt'nt  to  an  adjacent  one  is  known  as  charge  coupling. 

2.1  Charge  Storage  ir)  Potent  Ml  Up)  Is 

Figure  2.1-1  shows  a section  of  a CCO  device  with  three  storage  elements. 

A CCO  storage  element  is  actually  a potential  well  created  at  the  surface  of  a 
semiconductor  in  a metal-oxide-semiconductor  sandwich  by  applying  a voltage  to 
the  metal  gate.  The  devices  used  in  this  study  were  made  with  an  n-type  silicon 
substrate.  Therefore  this  section  will  discuss  this  particular  type  of  CCl\ 
although  p-t,vpe  CCP's  can  also  be  constructed.  N-type  signifies  that  the  majority 
charge  carriers  are  electrons  and  therefore  negative. 

By  applying  a negative  voltage  to  the  gate,  the  negative  charges  will  be 
repelled  and  the  area  of  the  semiconductor  inniediately  ui\der  the  gate  will  be 
depleted  of  these  majority  carriers.  This  creates  a potential  wel'  where  positive 
charges  (or  their  absencel  can  be  stored.  The  metal-o\ide-semiconductor  (WS' 
sandwich  thus  acts  as  a capacitor  and  the  anHuint  of  stored  charge  is  proport ional 
to  the  product  of  the  charge  injection  voltage  times  the  WS  capacitance. 

The  device  in  Figure  2.1-1  is  known  as  a 'surface'  channel  device  because 
the  minority  carriers  (that  is,  the  positive  chargesl  ai'e  stored  at  the  surface 
of  the  Stvniconductor  near  the  scmiiconductor-insulator  boundary.  There  is  another 
kind  of  CCP  which  has  an  extra  layer  of  a semiconductor  material  of  opposite 
conductivity  to  the  other  st'm  i conduct  or  layer.  This  extra  lave)'  lies  between 
the  other  semiconductor  and  the  insulator.  In  this  kind  of  CCP,  the  charge  packets 
are  stored  in  the  bulk  of  this  extra  layer.  Thus  these  devices  are  known  as 
'bulk'  channel  CCP's.  Bulk  channel  devices  are  more  complex  in  fabrication  and 
more  experimental  at  this  time,  hut  they  offer  potential  operational  advantages. 
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Figure  2,1—1,  Charge— Coupled  Storage  Elements 


Both  the  charge  coupled  processor  and  the  Cascade  Charge  Coupled  Device 
are  surface  channel  devices. 

2 . 2 The  r^e  Tra n^ifer  Process 

Figure  2.2-1  shows  the  charge  transfer  process  within  a CCD.  In  step  1, 
the  positive  charges  representing  information  are  stored  underneath  the  first 
gate  in  a potential  well  created  by  applying  a voltage  of  -V  to  the  gate.  In 
step  2,  a negative  voltage  is  applied  to  Gate  2,  allowing  the  positive  charges 
(or  holes)  to  spread  out  underneath  both  gates.  As  the  voltage  on  Gate  1 is 
raised  back  to  zero,  the  charges  are  attracted  to  the  new  area  of  lowest 
potential  wilder  the  second  gate.  By  step  3,  the  voltage  on  Gate  1 reaches  zero 
and  all  the  charges  in  the  packet  are  now  under  the  second  gate,  completing 
the  charge  transfer  process. 

The  charge  packet  can  then  be  transferred  to  Gate  3 by  repeating  the  process 
with  Gates  2 and  3.  In  this  way,  charge  can  be  shifted  down  a whole  series 
of  storage  elements  forming  a shift  register. 

In  long  shift  registers,  it  becomes  inconvenient  to  separately  control  the 
voltage  on  each  gate.  Figure  2.2-2  shows  how  every  third  gate  can  be  connected 
to  one  of  three  clock  lines  and  used  to  control  the  charge  coupling  process. 

This  is  known  as  three-phase  clocking. 

Step  1 in  Figure  2.2-2  shows  two  discrete  packets  stored  in  two  wells 
whose  gates  are  connected  to  the  same  clock.  When  the  Phase  2 clock  voltages 
are  set  to  -V,  both  packets  begin  moving  to  the  right  and  by  step  3 both  packets 
have  completed  the  transfer  to  the  adjacent  well  (or  'bucket'). 

Note  in  step  2 how  the  third  gate  from  the  left  is  kept  at  zero  voltage 
during  this  step.  This  forms  a potential  barrier  between  the  two  packets  of 
charge  and  keeps  them  from  interacting.  Thus  three  gates  are  needed  to  contain 
each  unit  of  information  and  three  clocks  with  different  phases  must  be  used  to 
control  them.  A group  of  three  gates  in  this  three-phase  CCD  shift  register 
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is  soiiH'tiiiH's  rotVi'ced  to  as  a 'hit'  since  thrt'o  gates  are  reguireil  to  control 
atul  iiMintain  a discrete  charge  packet  or  intoniiat  ion  unit.  (Ihe  term  'hit'  is 
used  rather  loosely  here  to  denote  a unit  ot  either  analog  or  digital  inlormat ion. ) 


A minimum  ot  thive  gates  is  reguii'ed  to  form  one  hit  although  four  to- 
more  gates  can  he  used.  However,  the  iiK're  gates  per  hit,  the  iihOM'  v hn  k liiu's 
are  required  to  control  the  shift  register. 

The  minimum  of  three  controlling  clocks  can  he  redin  ('d  hv  (lianging  thi' 
gate  geometry  in  the  device.  I iguri'  ,’.,'-.1  shows  one  means  hy  whivh  the  gati's 
in  a two-phase  di'viio  lan  t'o  vonstriutod.  I ach  iiate  has  two  h'vols  ot  nuM  a 1 1 i .‘at  ion 
which  are  at  a different  distaiue  from  the  si'iniconductor-insulator  intt'rfaci' 
where  the  mohile  charges  are  stored.  Ihis  provivies  a potential  'sti'p'  of  aV 
within  a gate  since  the  different  insulator  thicknesst's  will  at  lint  the  potential 
energy  levels.  Since  both  ot  the  gates  have  two  energy  levels,  it  i an  hi'  seen 
that  a two-phase  shift  register  is  actuallv  simulating  a tour-phasi'  shilt  registi'r. 
In  this  way  the  different  potential  levels  create  potential  harriers  to  prevent 
the  charge  packets  from  moving  in  the  wrong  direction  or  interavting  with  oai h 
other. 

figure  shows  a one-hit  shift  cycle  tor  a two-phasi'  shift  register. 

IToth  the  Charge  Coupled  I'rocessor  and  the  Cascade  Charge  I'oupled  Hex  tie 
use  two-phase  shifting. 

?..i  limitations 

There  are  two  main  limitations  ott  CCH  performance.  One  is  iniomplefe  ihargo 
transfer  which  degrades  the  signal  as  it  is  clocked  through  the  shift  register. 

This  prohTem  increases  as  a function  ot  clock  Ireguencv.  Ute  other  is  thermal 
relaxation  which  causes  the  potential  wells  to  he  tilted  with  thermallv  generated 
minority  carriers,  limiting  the  length  of  time  a signal  can  he  stored  on  the  ihip. 


2.3.1  Incomolete  Qiargt'  Tj'^nsfe]i 

Inconitiletp  charge  transfer  has  two  causes.  One  is  the  existence  of  'surface 
states'  at  the  surface  of  the  semi coniiuc tor.  When  the  crystal  is  sliced,  the 
covalent  bonds  at  the  edge  are  severed.  These  dangling  bonds  trap  charges  and  re- 
emit them  sporadically  causing  tuiise.  Surface  states  are  a problem  particularly 
at  low  signal  levels.  Their  effect  can  be  reduced  significantly  by  using  ap- 
propriate clock- vol  tage  wavefortiN  and  by  the  use  of  'fat  zeros',  i.e.  at  zero 
signal  levels  a mmiber  of  minority  carriers  are  stored  in  the  pote?itial  well. 

The  second  cause  of  charge  transfer  inefficiency  is  high  clock  freguencies 
which  do  not  allow  enough  tiim'  for  all  the  electrons  to  follow  the  moving 
potential  well. 

Thn'e  nn'ch.inisms  combine  to  induce  charge  movement  to  an  adjacent  region 
of  lower  energy:  self-induced  drift,  theniial  diffusion,  and  fringing  field 
forces.  Self-induced  drift  is  caused  by  mutual  repulsion  of  the  Sv\nv  polarity 
charges  wtiich  spread  once  the  potential  barriers  are  removed.  Thernwl  diffusion 
arises  f > om  the  theniial  energy  of  the  charge  carriers.  Self-induced  drift  and 
thernwl  diffusion  are  the  two  most  important  mechanisms  of  charge  transfer, 
lly  proper  design  and  application  of  bias  voltages  on  neighboring  gates,  field- 
aided  iiKivement  can  take  place.  This  effect  is  usually  only  designed  into  very 
high  freguency  (over  10  MU.’)  bulk  channel  devices. 

The  width  of  the  gate  ’s  imtuirtant  in  each  kind  of  transfer,  theri'fore 
designers  attempt  to  keep  them  as  narrow  as  possible  without  affecting  th«' 
fab ri cat  ion  process . 

2.3.2  Theniwl  Relaxation 

Just  after  the  depletion  well  is  formed  by  the  application  of  a negative 
voltage  to  the  iiwtal  1 izat  ion,  the  silicon  conduction  band  at  the  surface  is  well 
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below  the  equilibrium  energy  level.  This  region  attracts  randomly  drifting  minority 
carriers  or  holes  from  the  bulk  silicon.  These  thermally  generated  random 
carriers  eventually  fill  the  potential  well.  They  continually  add  to  the 
signal  charge  stored  in  a well,  and  will  continue  to  add  to  the  signal  packet 
whenever  it  is  on  the  chip.  Thus,  the  length  of  time  a signal  can  remain  on 
the  chip  is  limited.  Thermal  relaxation  time  constants  of  about  1 second  are 
presently  obtainable.  For  many  applications,  including  high  resolution  sonar 
beam  forming,  their  effects  are  insignificant. 

2.4  Useful  Properties  of  CCD's  for  Sonar  Beamforminq. 

CCD's  have  natural  applications  to  sonar  beamforming  because  many  gates 
can  be  placed  on  a single  chip  and  thus  large  amounts  of  array  information  can 
be  manipulated  on  the  chip.  3y  appropriate  design,  CCD's  can  be  made  with 
time  variable  shift  registers  (for  delay  lines),  sampling  gates,  integration 
gates,  and  on-chip  multiplexing.  The  CCP  and  C3D  each  use  some  of  these  properties 
of  charge  coupled  devices. 

3.0  CASCADE  CHARGE  - COUPLED  DEVICE. 

The  Cascade  Charge  - Coupled  Device  is  a time-delay  beamformer,  meaning 
that  it  applies  appropriate  time  delays  to  array  data  and  then  sums.  This 
type  of  beamforming  is  discussed  next. 

3.1  Time  - Delay  Beamforming. 

Figure  3.1-1  shows  iiow  a wavefront  from  an  off-axis  angle  0 arrives  at 
array  elements  at  different  times.  The  parallel  lines  in  the  figure  represent 
sound  p»'essnre  maxima  soparatpd  by  one  wavelength.  In  this  finure,  the  wavefronts 
are  shown  reaching  element  0 before  element  n.  The  time  difference  is  qiven  bv 
the  extra  distance  the  wavefront  must  travel  divided  by  the  velocity  of  the 
travelling  sound.  Thus: 

At^(0)  * nd  sin  Q (3.1-1) 

V 
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To  form  a beam  in  direction  0,  the  signals  from  each  element  n must 
be  delayed  in  such  a way  that  they  compensate  for  the  different  times  of  arrival. 
Thus,  in  an  N-element  array,  the  signal  arriving  at  element  0 must  be  delayed 
at  least  a time  equal  to  (N-l)  d sin  Q which  is  tlie  tiim'  required  for  the  wave- 

V 


front  to  reach  the  last  element.  The  time  (N-l)dsin  0 will  be  referred  to  as  M . . 

y X 

For  element  #1  the  delay  will  be  (At,„^^  - At  (01)  and  for  element  n it  will 

lild  X 

max  * 

Once  the  time  delays  from  all  the  elements  have  been  compensated  for  in 

this  manner,  the  signals  are  then  summed.  This  forms  one  beam  in  the  direction 

0.  To  form  beams  in  another  direction  requires  application  of  a different  set 

of  delay  factors  At  . 

n 

Sonar  beamforming  is  most  commonly  implemented  using  this  delay-and-sum 
method.  One  nn'thod  of  doing  this  is  with  tapped  LC  delay  lines.  In  a 
system  of  N elements  the  maximum  number  of  independent  beams  that  can  be  fonned 

is  equal  to  N.  To  beanitorm  with  tapped  delay  li?ies,  each  of  the  N eleiiit'nts  is  followed 
by  a delay  with  N taps.  When  the  array  has  many  elements,  the  size,  complexitv 


and  power  consumption  of  N taps  becomes  overwh-'Ininq. 

The  Cascade  Chai'oe  Coupled  Device  was  develiipeci  t*''  simplify  the  hardware 
by  using  the  basii:  properties  of  CCD's  to  combine  the  delay  and  sum  functions 
on  a small,  reliable,  low-power  chip. 

3 . 2 C3D  Description . 

The  basic  Cascade  Charge  Coupled  Device  was  developed  by  Roger  Melen 
and  John  Shott  of  the  Integrated  Circuits  Laboratory  at  Stanford  University*. 
Although  this  device  performs  the  functions  of  time  delay  heamfonning,  it  is  riot 


*R.  Melen  subcontracted  to  Bendix  on  the  CCP  and  CJD  device  development 
specific  to  sonar  applications  under  this  ONR  Project. 


a tapped  delay  line.  Instead,  the  C3D  uses  the  difference  between  clock 
frequencies  applied  to  various  sections  of  the  chip  to  control  variation 
of  delay  time. 

The  C3D  uses  CCD  shift  register  properties.  By  controlling  the  clocking 
frequency  of  a shift  register,  the  passage  time  of  a signal  through  it  can  be 
controlled.  One  means  of  using  CCD  shift  registers  to  perform  the  time  delay 
function  would  be  to  put  a single  shift  register  behind  each  element  and  clock 
each  one  at  a different  frequency.  However,  this  would  not  be  practical  in 
a system  containing  many  hydrophones. 

Instead,  the  C3D  uses  a two-section  delay  line  behind  each  element  to 
get  the  required  delay.  A sketch  of  the  beamforming  section  of  the  C3D  is  shown 
in  Figure  3.2-1.  The  present  device  has  twenty  parallel  shift  registers  each  with  the 
same  number  of  shifts.  The  two  wedge-shaped  sections  are  clocked  at  different 
frequencies. 

Within  each  shift  register,  the  charge  packet  in  the  section  clocked 
at  frequency  f^  is  transferred  directly  into  the  section  clocked  at 
frequency  f^  without  the  need  for  intermediate  output  and  reinsertion  of  the 
signals.  The  two  sections  are  thus  'cascaded'  which  is  why  this  is  called  a 
'Cascade'  Charge  Coupled  Device. 

To  see  how  this  gives  delay  control,  consider  a signal  coming  from 
array  element  #0.  The  entire  length  of  the  delay  line  (or  shift  register) 
behind  this  element  is  clocked  at  the  same  frequency,  f^.  Charge  remains  on 
one  shift  (or  bit)  of  the  shift  register  for  a time  t^  = before  being 

d 

shifted  to  the  next  bit.  For  an  M-bit  shift  register  (actually  M equal  47.5 
in  the  current  C3D)  the  time  delay  aT  is  equal  to  the  number  of  bits  times  the 

d 


period  in  each  bit. 

Thus:  at,  = MT,  = M/f, 

ad  d 


(3.2-1) 
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For  olerrient  »1,  the  first  division  of  2';.  hits  is  clocked  at  frequency  f^^ 
while  the  renwining  M-2.5(l)  bits  are  clocked  at  frequency  f .* 


Thus,  .u,  = J .(iL,y 


(3.2-2) 


and  in  general: 


” ^a 


(3.2-3) 


The  tinx'  delay  from  each  eleiirnt  thus  varies  according  to  the  nun^er  of 
bits  clocked  at  each  ftvquency. 

Going  back  to  Figure  3.1-1,  if  it  is  desired  to  form  a beam  in  direction 

0 for  an  array  with  spacing  d between  the  elements,  the  required  tinv  delay 

between  elemtMits  0 and  1 must  be  equal  to  At,  = ^^-^2-'’..''  . 

1 V 


(e)  = - at, 


M,  (0)  = i 


= 2.? 


■ -(*;■  v) 


(3.2-4) 


(3.2-b) 


Any  set  of  two  frequencies  f and  f.  which  iixvt  this  relationship  can  be  used. 

n 

(Actually  there  are  some  practical  restraints  on  their  selection  which  will  be 
discussed  later.)  To  form  a beam  on-axis,  f is  set  equal  to  f . 

Thus  the  C311  can  form  a beam  in  one  direction  by  simply  using  two  controlling 
clock  frequencies!  To  change  beamsteering  directions,  all  that  needs  to  be 
done  is  to  change  one  or  both  of  these  ftvquencies.  One  chip  can  sweep  through 
an  entitv  field  of  view  by  changing  those  two  frequencies.  Or  a parallel  system 
to  beamform  in  M directions  simultaneously  can  bo  built  with  M chips  each 
controlled  by  two  clocks.  As  M increases,  the  complexity  of  the  030  processing 


* Since  one  bit  consists  of  two  gates  in  a two-phase  shift  register,  a 'half-bit' 
refers  to  one  gate.  Thus  a division  with  2-'.  bits  contains  five  gates. 
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2 

hardware  increases  only  by  a factor  M instead  of  M . This  can  lead  to  significant 

hardware  reductions  for  multi -element  arrays. 

Not  only  can  beamsteerinq  be  performed  by  the  C30,  but  near-field  focussing 

can  be  achieved  too.  This  is  a very  important  consideration  in  high  resolution 

sonar  because  as  the  frequency  increases,  the  minimum  range  that  can  use  the 

plane  wavefront  approximation  (i.e.  the  minimum  far-field  range)  increases  as  a 
2 

function  of  L7  \ where  L is  the  aperture  and  \ the  acoustic  wavelength.  In  many 
practical  cases,  this  minimum  distance  can  be  tens  or  hundreds  of  yards.  Figure 
3.2-2  shows  how  a near-field  target  results  in  a spherical  wavefront  and  how  this 
sphericity  must  be  corrected  by  focussing,  i.e.  by  adding  the  appropriate  time 
de 1 ay . 

The  current  C3D  performs  focussing  by  two  extra  curve  sections  located 
on  the  chip.  This  is  sketched  in  Figure  3.2-3.  By  choosing  appropriate  frequencies 
f^  and  f^,  near-field  focussing  can  be  perfo»'med  for  any  given  range  R.  In  a 
pulsed  system,  signals  coming  in  at  later  times  represent  returns  from  targets 
at  increasing  ranges.  By  changing  clock  frequencies  f^  and  f .,  the  030  can  vary 

* * ' ' ' C u 

the  focussing  range  with  the  increasing  time.  As  R - ■.  the  wavefront  becomes 

planar.  Then  f^  becomes  equal  to  f^  and  no  focussing  is  performed. 

This  variable  near-field  focussing  would  be  very  difficult  to  achieve  with 
LC  delay  line  techniques.  Thus  the  C30  has  a unique  performance  capability  for 
near-field  high-resolution  sonar  beamforming. 

Figure  3.2-4  shows  a return  from  an  off-axis  near-field  target  as  it 
impinges  on  the  array.  Succeeding  steps  show  how  the  charge  packets  with  the 
wavefront  information  are  shifted  in  the  array  with  time.  Steps  1 through  5 
show  the  beamsteering  portion  of  the  process.  Step  6 shows  some  of  the  charge 
packets  being  shifted  into  the  focussing  section  of  the  C3P.  Focussing  continues 


KB 


7 

! 

J 

in  steps  7 and  8 until  by  step  9 all  of  the  charge  packets  are  in  the  same  hit  i 

in  each  register.  After  step  9,  the  charge  packets  can  be  easily  summed  by 

removing  the  barriers  between  the  parallal  shift  registers  and  dumping  all  the  ’ 

charges  into  the  same  gate.  (Actually  the  current  030  begins  sunining  the 

charge  packets  as  soon  as  they  reach  "d"  section  clocked  at  f^^.  This  stage 

begins  in  step  6 of  ttie  figure.) 

Another  possible  use  of  the  focussing  section  of  the  C30  is  to  compensate 
for  cylindrical  arrays.  Such  arrays  are  considered  useful  in  high  resolution 
sonar  because  their  resolution  does  not  degrade  for  off-axis  returns. 

Thus  the  030  represents  a simple  means  of  compensating  for  differeiU 
times  of  arrival  and  then  suinning.  This  is  the  essence  of  beamforming.  In 
aildition,  it  ran  easily  perform  near-field  focussing  or  cylindircal  array  correct  ion. 

Figure  3.?-5  is  a microphotograph  of  a twenty-input  030  device. 

3 . 3 Fxper i mental  Resul t s . 

Acoustic  experiments  at  Stanford  University  at  l.S  MH/  show  that  the 
device  forms  beams  with  theoretical  sidelobes  and  a dynamic  range  of  about  SO  dO. 

Experiments  at  Bendix  at  180  Kli/  showed  beamforming  with  -10  dB  sidi'lobes 
instead  of  the  theoretical  -13  dB.  The  useable  input  signal  level  range 
is  about  S mV  to  SOO  mV  (peak-to-peak)  indicating  a dynamic  range  of  at 
least  40  dB. 

The  device  was  tested  at  Bendix  using  a simulated  input  wavefront. 

The  first  tests  were  performed  by  applying  the  same  signal  to  each  of  the 
twenty  inputs  on  the  device,  simulating  an  on-axis  acoustic  return.  The  clock 
frequencies  (all  between  7?0  kfi?  and  3.0  MH/)  were  chosen  to  allow  beamforming 
for  a 180  kH?  array  of  3^  resolution  and  a OO*^  field  of  view. 

The  clock  frequencies  were  chosen  in  accordance  with  the  following 
constraints.  They  must  be  multioles  of  ?/3  of  the  signal  frequency.  This 
is  required  because  of  nonlinearities  inserted  at  the  interface  between  the 
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v.U'iotis  st'ifioiis.  t'i  f fi'rt’tu «'  ft'i'um'iu  ios  .u'is('  lnH.iust'  tli«'  sainpit'  signal 

is  t'«'it)t)  rosaniph'vi  a(  tho  Innimiarv  I'l'twt'i'n  tlu'  iH  f f t'l't'iit  1 v v liHktvi  mh - 

tions.  Sport  ral  v iwnpot\('nt  s will  In'  f'oiimi  at  tin'  f iiiidanx'tit  a 1 ami  hiiihor  I'tilt'f 

hanmniirs  of  tin'  vl  i t ti'Ci'm  ('  t rt'ipit'my  bt'lwi'i'ii  tin'  rlmks  t^  an>1  lln's(' 

di  t fori'iuo  tn'iiui'iuv  rompoiu'nts  aris('  I'i'i.uim'  tin'  transit'!-  i>l  rhai-tit'  at  i-oss 

tht'  t /f,  Inniiitlarv  is  st'nsitivt'  It'  tin'  phast'  t'f  I i-i'lativi'  It'  1,  . Ihis  i-t'snlts 
a I'  a I' 

in  a non- lit!  i t I'l-m  ti  i s t i-i  I'lit  i on  ol  Hit-  oi-ininall\  nnifon!i  tat  .n'l't'  tliai-iit',  Ihis 
appt'ai's  as  an  aiitl  i I itnia  I t'utpiil  sitinal  t I'mi'tnn'iil  . 

ihi'osinti  t lt't  k t I'Otpit'm  it's  that  ai'o  imiltipli's  of  .'/a  tin'  inptil  sitinal 
tri'tpn'niv  pi't'Vt'nls  any  sum  tn-  ili  lli'i-t'nrt'  t i-i'iiin'in  \ t timpt'in'nt  s t'l'imj  ti'i-nii'tl  al 
tht'  s.nut'  f I't'ipit'nt  \ as  tht'  tn-itjinal  sitinal.  As  an  t'v.implt'.  tht'  fiist  It'sls  at 
Stantoi'ii  Unvit't's  i t V wt'i-t'  i tnitliit  It'tl  at  an  atoiistit  sinnal  t rt'tpit'nt  \ t't  1.1'  Mil; 
so  all  tht'  tlt!iks  wt'i't'  miilliplt's  t't  1 MH;.  Any  pt'ssiPli'  sum  i'i-  ti  1 1 f t'rt'i'i  t'  1 !-t' 
ttuoiitit's  that  lOulti  bt'  ot'i'O'-atoti  b\  an\  tombination  t't  rlt'tk  t i-t'tpn'nt  i t-s  thi'i-t' 
toro  wt'fo  also  multiplos  t't  1 Mil;.  Ihus,  tht'st'  t i-t'tpit'iit  \ spikt's  tlitl  nt't 
intt'rit'i-o  with  tin'  l.b  Mil;  sitjnal. 

At  In'iniis  wt'  ai't'  api'lyintj  an  input  sitinal  al  ISil  kll;;  at  t to-tl  i nti  1 \ . t'ur 
tlorks  ai'o  all  at  l i-otpiom  ios  that  ai't'  multipit's  ot  l.'tl  kll;. 

Iht'  r.in  ihip  has  a bt'ami t'lini nti  st't  l't'ii  'l/.l'  bits  in  h'lnith.  I t'r 
olt'iiH'iits  anti  " b>  wht'fo  all  •W.l'  bits  ai't'  t It't  kt'ti  at  t'itht'r  t''- 
Ihi'  tt'tal  tit'lay  I inu'  bt'lwt't'n  sitjnals  t'lilt'i  imj  anti  It'asinti  thi' 
boamti'rmi nt]  st'i  tioi'  is  -W.b/t^  oi'  •I’.l'  i-t'spt't  I i vt' 1 \ . A tat'U'  was 
tn'in'»-att'ti  shtiwinti  all  Iht'  pt'ssiblt'  pairs  t't  t i-t'tpit'in  it's  i-antiii'tj  bt'twt'i'n 
/.’ll  kll;  aiitl  .l.il  Mil;  anti  tht'  t'l'tl  t'lt'n»'nl  tit'lay  tinit'  tii  t It'i-ont  t's . Iht'st' 
wi'ts'  t t'mpai-i'tl  It'  Iht'  t ht't'i't't  i t a 1 tit' lav  i \1  1 sin  o 'vl  tt'i-  t'at  h bi'am 

liirt'ttion  anti  ust'ti  to  tht't'st'  appropi'i al t'  rlt'tk  paii-s.  tSt't'  labli' 

.1..1-1.)  In  t'u»-  tasi',  1 is  t'tjual  It'  It'.'i  tin.  ,'  is  Iht'  bt'am  antjlt'  anti  v 
is  tht'  st'uiiti  vi'lt'tilv  (ll'Otl  m st't).  Nt'tt'  that  manv  t'l  Iht'  tlt'tk  t rt' 

tiut'nrii's  tan  bt'  ust'ti  tt'O  iiH'rt'  than  t'ln'  bt'.im. 
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Beam  Angle 

Theoretical 

Delay 

(nsec) 

Clock 

1 

(MHz) 

Delay 

1 

(nsec) 

Clock 

2 
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Delay 

2 

(i.sec) 
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Beam 

Angle 

0° 

0 

— 

-- 

-- 

— 

— 

3° 

5.5 

2.28 

20.8 

3.00 

15.8 

5.0 

2.8° 

6° 

11.0 

1.80 

26.4 

3.00 

15.8 

10.6 

5.8° 

9° 

16.5 

1.44 

33.0 

2.76 

17.2 

15.8 

8.6° 

1^0 

21.9 

.84 

56.5 

1.32 

36.0 

23.5 

12.8°* 

15° 

27.3 

.84 

56.5 

1.56 

30.4 

26. 1 

14.3° 

18° 

32.5 

.96 

49,5 

2.52 

18.8 

30.7 

16.9° 

21° 

37.7 

.84 

56.5 

2.28 

20.8 

35.7 

19.7° 

24° 

42.8 

.84 

56.5 

3.00 

15.8 

40.7 

22.6° 

27° 

47.8 

.72 

66.0 

2 28 

20.8 

45.2 

25.3° 

30° 

52.7 

.72 

66.0 

3.00 

15.8 

50.2 

28.4° 

Although  these  frequencies  are 

best  at 

12°,  to 

save  on 

the  number  of  crystal- 

controlled 

beam  angle 

osci 1 lators 

of  10.4°. 

needed. 

.96  and 

1.56  MH2 

: were  used,  resulting  in 

the  clock  pairs  at  j^O,  a beam  at  -0  is  generated.  Also  note  at  0^  any  frequency 
can  be  used  and  it  is  applied  to  both  sections. 

For  these  first  experiments  the  two  focussing  sections  were  clocked  at 
the  same  frequency,  thus  eliminating  focussing  since  the  input  is  a simulated 
planar  wavefront. 

Figure  3.3-1  shows  the  C3D  response  to  the  simulated  on-axis  planar 
wavefront.  The  input  was  held  constant  while  the  clocks  were  varied  to  'scan' 
the  field  of  view.  The  fact  that  the  side  lobes  are  only  10.0  dB  down  instead 
of  the  theoretical  13  dB  is  probably  due  to  the  fact  that  the  gain  of  the  device 
varies  with  the  clock  frequencies.  Figure  3.3-2  shows  the  gain  of  the  device 
versus  clock  frequency  when  all  four  sections  of  the  device  are  clocked  at  the 
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same  rate.  Figure  3.3-3  shows  the  gain  versus  clock  frequency  when  both  beamsteering 
sections  are  clocked  at  the  same  rate  and  the  clocks  on  both  focussing  sections 
are  held  at  3.0  MHz.  (Experiments  at  Stanford  at  clocking  frequencies  of  '20-30  MHz 
showed  a much  more  constant  gain  characteristics.) 

Another  test  of  the  C3D  at  180  kHz  was  output  linearity  with  respect  to 
the  input.  Figure  3.3-4  shows  the  output  versus  input  signal  levels  over  a 
range  of  5 to  500  mV.  The  experimental  curve  shows  good  linearity  of  the  output 
with  relation  to  the  input.  Note  that  in  the  200  to  300  mV  input  level  region 
i there  appears  to  be  slight  deviation  from  a straight  line. 

Effects  of  clock  levels  (which  affect  depth  of  potential  wells)  on  device 
output  were  also  studied.  Figure  3.3-5  shows  how  the  output  varies  with  clock 
voltages,  increasing  as  expected  with  the  clock  voltages  and  the  MOS  gate 
capacitance. 

Measurements  were  made  of  the  device  dynamic  range,  but  this  turned  out  to  be 
I very  difficult  to  perform  experimentally  and  is  easily  subject  to  misinterpretation. 

; A spectrum  analyzer  was  used  so  that  signal  output  could  be  distinguished 

i 

\ from  clock  frequencies  and  the  measurement  was  based  on  the  difference  between 

the  noise  floor  and  the  maximum  signal  level  achieved  in  the  region  where 
; the  output  signal  was  still  linear  with  respect  to  the  input  level. 

I One  of  the  dynamic  range  tests  was  conducted  with  all  sections  of  the  C3D 

being  clocked  at  3 MHz.  This  was  performed  with  an  HP  141T  display,  8553B 
Spectrum  Analyzer  - RF  section,  and  8552B  Spectrum  Analyzer  - IF  section.  Band- 
, I width  on  the  spectrum  analyzer  was  set  at  10  kHz  which  would  be  a reasonable 

system  bandwidth  for  a 180  kHz  sonar. 

I The  spectrum  analyzer  showed  that  there  were  many  extraneous  frequencies 

I being  introduced  into  the  system  due  to  clock  drivers.  Some  measurements 

were  made  at  300  kHz  because  of  a noise  spike  that  occurred  at  180  kHz.  This 
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experiment  showed  about  70  dB  peak  signal  to  peak  noise  ratios  for  a 10  kHz  band- 
width with  all  clocks  at  30  MHz.  This  fell  off  to  about  60  dB  for  lower  clock 
frequencies  of  720  kHz. 

These  dynamic  ranges  are  adequate  for  sonar  beamforming  when  used  in  conjunction 
with  either  automatic  gain  control  or  time  variable  gain.  However,  further  work 
is  recomnended  to  try  to  improve  the  dynamic  range  so  that  the  C3D  can  be  used  alone. 

At  lower  clocking  frequencies,  it  was  postulated  that  the  decrease  in  dynamic 
range  was  caused  by  thermal  relaxation  effects  (see  section  2.3.2).  An  experiment 
was  performed  to  measure  the  effect  of  cooling  the  CCDs  (with  thermoelectric  de- 
vices). The  cooling  did  appear  to  slightly  improve  the  dynamic  range  of  the  de- 
vices, but  the  tests  showed  too  much  inconsistency  to  consider  the  results  totally 
dependable.  (Also,  it  should  be  noted  that  the  high  power  consumption  of  the 
cooling  devices,  e.g.  several  watts  required  to  cool  a CCD  chip  by  'lO^C  to  20°C, 
may  outweigh  the  power-saving  advantages  of  CCDs  in  a low  frequency  beamforming 
system.)  It  is  recommended  that  further  cooling  investigations  be  conducted  using 
improved  test  equipment  to  rigorously  characterize  the  device  performance  at 
low  temperatures. 

However,  the  cascade  charge  coupled  device  has  already  been  shown  to  perform 
time-delay  beamforming  functions  at  typical  high  resolution  sonar  frequencies.  If 
cooling  does  prove  to  increase  the  C3D  dynamic  range  at  lower  frequencies  (perhaps 
those  typical  of  torpedoes),  these  devices  may  be  extended  to  many  kinds  of 
sonar  systems. 

3.4  C3D  Conclusions 

This  study  has  shown  that  a custom-designed  CCD  chip  can  now  be  applied  to  a 
time-delay  sonar  system  under  controlled  conditions.  Furthe*^  work  is  recommended 
to  improve  fabrication  techniques  to  increase  the  dynamic  range  of  these  devices. 

In  addition,  further  work  should  be  done  in  device  measurement  techniques,  especially 
at  low  temperatures.  With  anticipated  improvements  in  cascade  charge  coupled  de- 
vices, it  is  likely  that  they  will  be  applied  to  a wider  range  of  mul ti-element 
time-delay  sonar  beamformers. 
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4.0  CHARGE  COUPLED  PROCESSOR. 


The  CCP  was  developed  to  perform  the  functions  of  a channel  processor  for 
a phase-delay  'holographic'  beamforming  system.  These  functions  are:  Amplifica- 
tion, mixing,  integration,  and  filtering.  A channel  processor  converts  the  AC 
signal  from  an  array  hydrophone  to  a pair  of  DC  signals  corresponding  tvi  the 
complex  phase  and  amplitude.  Processing  of  the  array  data  can  then  be  perfoT-med 
with  digital  hardware  or  software. 

This  section  discusses  phase-delay  beamforming,  the  CCP  channel  processor 
operation  and  its  experimental  results. 

4.1  Phase-Delay  Reamforming. 

A phase-delay  beamformer  performs  the  same  functions  of  delay  and  summation 
as  a time-delay  beamformer  described  in  section  3.1.  However,  instead  of 
applying  a time  delay  by  analog  circuits,  an  equivalent  phase  delay  is  inserted 
by  digital  circuitry. 

Figure  3.1-1  showed  how  an  off-axis  wavefront  arrived  at  element  *0  a 
time  ''^^(0)  before  reaching  element  #n.  This  time  was  shown  to  be: 

.\t^(0)  = — (4.1-1) 

This  time  delay  shift  can  be  converted  to  a phase  shift  by  mult ipl icat ion  by 
2-f.  Thus: 

Atf^(0)  * 2-f  At^(0)  (4.1-21 

2f  nd  sin  0 

V 

2i  nd  sin  0 
\ 

Note  how  the  frequency  (and  wavelength)  are  terms  in  this  equation  and 
therefore  must  be  known.  This  generally  limits  phase-delay  beamforming  to 
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active  narrow-band  systems.  However,  there  are  advantages  to  this  approach  as 
will  be  discussed  later. 

Assuming  that  A^e>q3  represents  the  complex  signal  on  element  n and 
is  the  phase  term,  a phase  shift  of  - A0^(O)  will  be  applied  to  compensate 
for  the  delay.  These  terms  are  then  summed  to  give  the  beam  in  direction  0. 


Thus  the  beamforming  can  be  seen  to  be  a multiplication  of  the  signals 
A ?xp  (jy^)  with  exp  {-j  ^ nd  sin  0),  then  a summation.  If  the  signals 
Ap  exp  are  known,  this  multiplication  and  summation  can  be  performed 

digital ly.  Such  functions  as  near-field  focussing  and  gain  correction  can  also 
be  performed  by  digital  multiplication  by  the  appropriate  amplitude  and  phase 
factors.  In  addition,  by  doing  the  phase-delay  computations  in  digital  software, 
there  is  the  flexibility  to  apply  different  array  shadings,  superresolution 
calculations,  etc. 

The  function  of  the  Charge  Coupled  Processor  is  to  convert  the  AC  signal 
on  the  n th  element  to  a DC  term  proportional  to  A^e  and  output  it  to  the 
digital  processor.  The  processes  required  to  do  this  are  mixing  and  integration. 

Mixing  consists  of  multiplying  the  incoming  AC  signal  by  a reference 
signal  of  the  same  frequency.  The  signal  at  time  t is: 

A^sin(ut  + fp) 
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Multiplying  by  the  sine  of  reference  signal  gives: 


sin  (lot  + '1'^)  sin  w^t 

Applying  the  trigonometric  identity: 

(Sin  x)(sin  y)  = 1/2  [cos  (x-y)  - cos  (x+y)] 

we  get:  A^  sin  (lot  + sin  (lo  t) 
j n n r 


(4.1-4) 

(4.1-5) 


- [cos  (lot  + '‘'n  - - COS  (ut  + 


and  since  lo^  = w : 
r 


4 [ 


COS  ^ - cos 

n 


(2iot  + 


Note  that  we  have  an  expression  containing  frequencies  representing 
the  sum  and  difference  between  the  signal  and  reference  frequencies.  The  first 
term  is  a zero-frequency  term  (or  constant)  while  the  second  has  a frequency 
of  2a>.  By  integrating  over  time,  the  second  high-frequency  term  goes  to  zero 
while  the  first  term  increases  proportionally  to  the  integration  interval. 

This  term  becomes: 


kA„  cos  f 
n n 


(where  k is  a constant) 


Note  how  this  contains  both  the  amplitude  A^  and  phase  term 


By  multiplying  A^  sin  (wt  + f^)  by  the  cosine  of  the  reference  signal 


we  get: 


A„  sin  (wt  + r)  cos  (w  t) 
n n r 


(4.1-6) 


= ^ |sin(wt  + - w^t)  + sin  (wt  + + w^t) 

= ^ l^sin  + sin  {2uSt  + f^)  j 


Again  by  integration  over  time,  the  second  term  goes  to  zero  leaving  a DC 
term: 


kA  sin  f 
n n 
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Both  terms  kA  sin  v and  kA  cos  t are  needed  to  determine  A and  '•  . 

n n n n n n 

Thus  a channel  processor  must  mix  and  integrate  to  get  the  complex  signal 
values  for  the  solution  of  equation  (4.1-3).  Multiplexing  involves  the  ordered 
outputting  of  these  quantities  to  the  digital  processor  that  solves  the  equation. 

Channel  processors  which  mix  and  integrate  also  filter  because  the  reference 
signal  frequency  must  equal  the  signal  frequency  for  maximum  output  (as  can  he 
seen  in  equations  4.1-5  and  4.1-6). 

The  mixing  operation  can  be  replaced  by  using  quadrature  sampling.  By 
sampling  at  time  t and  also  t + (where  T is  equal  to  1/f,  i.e.  the  period), 

we  get  a term  containing  A^^  cos  (v^  + 0^,).  is  an  arbitrary  phasej  and  a 
term,A^^  cos  (t^  + 0^,  ^),  which  equals  A^^  sin  (s^  + 0^  ). 

By  repeating  the  sampling  over  a number  of  cycles  and  summing,  an  integration 
is  performed.  This  also  serves  to  improve  the  signal-to-noise  ratio. 

The  Charge  Coupled  Processor  mixes  by  this  sampling  process.  An  operational 
description  of  the  CCP  will  he  given  next. 

4 . 2 CCP  Operation  Pescription. 

The  CCP  uses  three  important  character ist ics  of  charge  coupled  devices. 

1.  CCD's  can  switch  or  gate  a charge  which  is  proportional  to  an  injection 
voltage  at  a specific  point  in  time.  This  sampling  of  the  gated 

input  signal  results  in  a stored  charge  proportional  to  the  amplitude 

and  sine  or  cosine  of  the  phase  of  van  input  signal.  Two  CCP  channels 

are  needed  to  get  both  A cos'*’  and  A,  sin  4'  so  that  A cati  ho  used 

n n n n n 

to  solve  equation  4.1-3. 

2.  CCD's  can  sum  or  integrate  the  charges  by  shifting  the  injected 
charges  into  a potential  well  that  is  held  stationary  during  the 
Integration  interval. 

3.  CCD's  can  gate  the  charge  summation  to  an  output  register  providing 

a simultaneous  sensing  and  resetting  of  the  channel  processor  integrator. 


In  addition  to  the  above  three  processor  functions,  the  fCll  forms  an 
analog  shift  register  which  multiplexes  the  gated  charges  stored  in  the  integrators 
to  a single  out  connection. 

Figure  4.2-1  shows  a partial  scheiivitic  of  the  Charge-Coupled  Processor. 

The  device  fabricated  during  Phase  1 has  four  channels  and  can  fonn  both  sine 
and  cosine  terms  for  two  inputs  (or  eitht'r  sine-only  or  cosine-only  terms  for 
four  inputs). 

For  simplicity,  the  figuiv  shows  just  one  of  the  inputs. 

The  diode  connected  to  pad  10  acts  as  the  source  for  the  charge-coupled 
device.  It  is  called  the  launch  diode.  In  a sonar  application,  a hydrophone^ 
preamplifier  output  voltage  would  be  the  input  to  pad  10.  The  launch  diode 
injects  charges  into  the  channel  when  a biuket  (or  potetitial  well)  is  formi’d  under 
the  bias  gate  connected  to  pad  11.  The  next  two  gates  (12  and  13)  are  the 
launch  gates.  (During  normal  operation  they  are  tit'd  together.  However,  the 
device  was  designed  to  allow  them  to  operate  indepcnulent ly . ) The  launch  gates 
are  used  as  the  mixing  gates  and  are  connected  to  eitlu’r  the  sine  or  cosine 
reference  signals.  The  sum  of  the  charges  from  gates  12  and  13  is  stored  under 
the  first  clock  gate  connected  to  pad  21,  the  phase  1 clock  input.  The  well  is 
held  stationary  during  the  integration  time. 

After  the  integration  is  complete',  the  well  beneath  the  launch  gate  is 
('emoved,  leaving  the  sum  charge  under  pad  21.  the  first  clock  gate'.  At  the 
beginning  of  the  shift  phase,  the  Phase  1 atui  Phase  2 (l^l  and  ij2)  cloiks  are 
turned  on  and  the  charge  contained  under  the  first  gate  of  the'  ijl  clock  shifted 
down  the  shift  register  to  the  output  dieule  cewnected  to  pad  lb.  Pad  14  is  the' 
output  bias  gate  which  ceMitrols  the  charge  thresheihl  transferred  into  the  output 
diode.  After  the  charge  contained  at  the  output  diotie  is  sensed  by  the  output 
amplifier  connected  to  pads  IH  and  19.  the  reset  gate  connected  to  pad  1(>  is 
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turned  on  and  discharges  the  stored  charge  at  the  output  diode  into  the  reset 
drain  diode  connect  to  pad  17.  For  this  "D"  channel,  there  are  four  01  clock 
gates  and  four  02  clock  gates  (or  four  bits  total)  between  the  launch  gate 
and  the  output  bias  gate. 

Figure  4.2-2  shows  partial  physical  layout  of  the  CCP  test  device. 

The  signals  start  at  the  top  of  the  charge  coupled  processor  and  shift 
their  way  down  to  the  output  at  the  bottom.  The  clock  gates  connected  to  pads 
20  and  21  cross  horizontally  over  the  'stair  step'  shift  register  portion  of 
the  charge  coupled  processor.  As  described  previously,  four  gate  pairs  cross 
over  the  "D"  section  (for  one  of  the  four  inputs)  of  the  charge  coupled  shift 
register.  Each  input  is  separated  by  four  additional  gate  pairs  or  bits, 
therefore,  the  "C"  input  contains  eight  bits  in  its  shift  path  while  the  "B" 
and  "A"  inputs  contain  twelve  and  sixteen  respectively.  When  the  01  and  02 
clocks  are  turned  on  during  the  shifting  sequence,  the  charges  stored  under 
the  adjacent  01  clock  for  each  input  are  shifted  down  to  the  output  diode. 

As  the  "A"  input  requires  sixteen  clock  sequences  to  reach  the  output  diode 
and  "D"  requires  only  four,  the  "D"  output  will  arrive  at  the  output  diode 
twelve  clock  cycles  before  the  "A"  output.  The  result  is  a serial  train  of 
‘‘  stored  charges  starting  with  "D"  input  and  ending  with  the  "A"  input,  each  separated 

in  time  by  four  clock  cycles.  The  purpose  of  these  extra  clock  steps  between 

i • 

the  input  and  output  is  to  provide  better  channel-to-channel  isolation.  Thus, 

the  device  converts  the  parallel  inputs  to  serial  outputs,  which  provide 

I multiplexing  capabilities, 

i 

The  purpose  of  the  four  bit  separation  is  to  provide  adequate  charge 
isolation  between  individual  inputs.  This  is  necessary  in  the  CCP  because  there 

t 

is  a certain  amount  of  charge  transfer  inefficiency  due  to  trapped  charges  or 
[ surface  states.  After  each  clock  shift,  a few  of  the  charges  are  left  behind 
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which  would  ho  added  to  the  chartios  from  the  next  intuit  if  not  separated. 

Also,  this  separation  is  important  in  the  case  of  saturation,  i.e.,  when  the 
charges  fill  the  potential  well  and  there  is  overflow  to  adjacent  wells. 

Even  though  the  addition  of  four  hits  hetween  each  input  rt'guires 
an  increased  clock  freguency  (to  nuintain  the  same  through-put  tirn'l, 
the  isolation  it  gives  is  important  and  was  veritied  during  device  evaluation. 

Figure  4.L’-3  is  a microphotograpli  of  tiu'  t'hargi'  ('ouphui  I’roci'ssor. 

The  left-hand  portion  is  an  unrelated  experiiiu'nta  1 preampl  i tier  which  is 
"piggybacking"  on  the  COP  chi(i. 
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4. 3 CCP  Experimental  Results 


Experimental  results  from  the  Charge  Coupled  Processor  tests  showed  that 
the  unit  does  perform  the  mixing,  integration,  and  amplification  functions. 

Filtering  is  inherent  in  the  mixing  and  integration  functions  as  shown  in 
section  4.1.  Measurements  of  the  device  operating  characteristics  when  operating 
as  a channel  processor  showed  the  existence  of  subtle  transconductance  charac- 
teristics which  had  not  been  known  for  CCDs  before.  Some  of  the  tests  on  the 
device  at  200  kHz  are  described  next. 

The  first  tests  were  undertaken  to  determine  which  of  the  twenty  packaged 
devices  exhibited  best  channel  uniformity.  The  best  chip,  number  B2,  was  chosen 
for  the  initial  tests.  Subsequent  tests  were  also  performed  with  several 
other  chips  and  the  results  were  relatively  consistent. 

The  oscilloscope  tracing  in  figure  4.3-1  represents  the  output  of  the 
four-channel  device  clocked  at  200  kHz.  During  the  first  A0%  of  the  sweep,  the 
mixing  and  integration  period,  the  output  of  the  CCP  is  not  meaningful.  After 
the  integration  period  the  output  gate  is  reset  be  external  logic,  and  the  next 
three  pulses  represent  the  miscellaneous  charges  from  the  channel  separation 
gates  described  earlier.  The  next  high  pulse  is  the  Channel  D ouput.  In 
this  experimental  setup,  the  clock  and  signal  frequencies  are  not  exactly  the 
same,  and  the  device  output  varies  from  sweep  to  sweep  of  the  oscilloscope.  Thus 
the  peak-to-peak  level  ’’n  this  picture  can  be  compared  to  the  input  signal  peak- 
to-peak  level  and  used  as  a measure  of  the  device  gain.  (The  bias  level  of  the 
output  is  the  result  of  the  injected  bias  current  which  will  be  discussed  later.) 

The  succeeding  sets  of  three  low  level  pulses  and  one  high  level  pulse  each 
represent  the  charges  from  three  separating  gates  and  one  processing  channel.  These 
channels  which  follow  the  "D"  channel  output  are  "C",  "B",  and  "A"  respectively. 
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In  the  Charge  Coupled  Processor,  the  'fat  zero'  is  introduced  because 
an  AC  signal  is  being  sampled.  Only  positive  charges  are  stored  in  the  wells; 
hence  the  presence  or  absence  of  carriers  represents  signal  information.  Thus, 
a bias  level  corresponding  to  a zero  signal  level  must  be  established  which 
keeps  the  negative  swings  of  the  AC  signal  above  the  zero  charge  level  in 
the  wells. 

To  prevent  the  charge  'bucket'  from  overflowing  when  a number  of  samples 
are  collected,  the  injection  current  per  sample  has  to  be  lowered.  In  the  case 
of  the  Charge  Coupled  Processor,  this  brings  the  current  levels  down  into  the 
subthreshold  region  of  the  transconductance  curve  where  the  output  becomes  linear 
with  injected  current.  Although  this  linear  effect  has  been  observed  for 
standard  MOS  devices,  it  is  believed  that  this  is  the  first  time  it  has  been 
measured  in  CCD  device. 

This  effect  results  in  a leveling  off  of  the  gain  as  the  number  of 
samples  is  increased. 

To  see  how  the  linearity  of  the  transconductance  curve  at  low  current 
levels  affects  the  gain,  consider  the  standard  equation  for  transconductance 
in  a MOS  device:  g^^  = ^J  I^  (4.3-1) 

where  K-]  is  a constant  and  I^  is  the  injected  current  level  per  sample.  When 
one  sample  is  taken,  I,  the  total  current,  is  equal  to  1^.  The  total 
injection  current  is  adjusted  by  the  bias  voltage  to  one-half  the  saturation 
current  (I  = ^ operating  the  device  in  the  center  of  its 

linear  range. 

To  prevent  saturation  when  N samples  are  collected,  the  gate  bias 
voltage  is  reduced  so  that  the  injection  current  for  each  of  the  N samples 
Ig  is  the  total  injection  current  I divided  by  N. 

I5  = I/N  (4.3-2) 
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Substituting  this  into  equation  4.3-1: 


The  device  gain  for  N samples  (i.e.  the  sum  of  the  individual  sample 
gains)  is  simply  N times  the  average  sample  gain  S,  because  each  sample 
is  the  same. 

The  total  gain  is  equal  to  the  device  gain  times  the  transconductance: 
G = g^  X device  gain  (4.3-4) 


Let  = K.|  • I • S,  then 

G = K.  ^ (4.3-5) 

v/fT 

= K^'v/n” 

Thus  the  total  gain  was  expected  to  be  proportional  to  the  square  root 
of  the  number  of  samples. 

However,  when  many  samples  are  integrated  by  the  device,  the  resulting  low 
level  input  current  per  sample  (so  that  total  current  levels  do  not  cause  satu- 
ration) causes  the  device  to  operate  in  the  1 inear  region  of  the  transconductance 
curve.  This  is  where  the  transconductance  is  directly  proportional  to  the 
input  current  per  sample;  thus: 

g = K-I 
^m  1 s 
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As  before,  for  N samples,  = I/N.  Thus  9^,  = • I/N.  The  total  gain 

then  becomes: 

G = device  gain  x transconductance  (4.3-6) 

G = (N-S)-K^.  i 

Again  we  let  • I • S,  therefore: 

G = <2 

In  this  case,  the  total  gain  is  constant  and  increased  integration  times 
cannot  improve  output  levels. 

Figure  4.3-3  is  a curve  which  shows  the  total  gain  as  a function  of  the 
number  of  samples  for  the  D input  of  device  *B3.  In  this  case,  the  experi- 
mental limit  on  the  gain  was  3.0. 

For  other  devices,  and  other  channels  on  the  same  device,  the  gain 
leveled  off  at  different  values  between  '0.3  and  '3.0.  The  transition  between 
the  linear  and  square  root  portions  of  the  transconductance  curve  varies 
from  channel  to  channel  with  even  slight  physical  variations  on  the  gates.  To 
get  the  required  uniformity  is  beyond  the  present  state  of  the  art  even  for 
small  chips.  The  fabrication  of  larger  chips  for  multi-element  arrays  is  not 
feasible  with  present  technology. 

The  various  channels  also  do  not  have  as  much  individual  gain  adjustment. 

For  example,  the  curve  in  Figure  4.3-3,  for  «B3,  shows  the  gain  variation  on 
that  device  can  only  run  between  0.7  and  3.0;  thus  it  is  not  always  possible  to 
adjust  the  gains  of  different  devices  to  the  same  levels. 

ii 

It  should  be  noted  that  these  limitations  on  the  device  are  not  the  result  f] 

of  noise  but  of  the  fact  that  the  CCP  is  operated  near  the  linear  region  of  the 
transconductance  curve. 


h 
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NUMBER  OF  SAMPLES 


We  have  shown  how  custom  CCDs  can  be  used  to  combine  mixing,  integration, 
and  filtering  functions  on  a single  compact  chip.  With  advances  in  fabrication 
state-of-the-art,  these  techniques  should  lead  to  a multi-channel  CCP  for  phase- 


r 


delay  beamforming. 

5.0  SUMMARY 

Two  types  of  CCDs  for  mul ti -element  sonar  beamforming  have  been  fabri- 
cated and  tested.  The  Charge  Coupled  Processor  does  mixing,  integration, 
filtering  and  multiplexing  on  a single  chip  for  a phase-delay  beamforming  system. 
Tests  of  a four-input  device  show  successful  performance  of  these  functions. 

The  Cascade  Charge  Coupled  Device  performs  time  delay  and  summation  for  20-element 
sonar  arrays. 

This  study  has  shown  that  custom  CCDs  can  be  applied  to  special  sonar 
systems  with  current  device  state-of-the-art.  It  is  recommended  that  further  work  be 
performed  to  improve  dynamic  range,  fabrication  processes,  and  device  measuring 
techniques.  With  these  improvements,  it  is  expected  that  CCDs  will  play  an 
important  role  in  a wider  range  of  sonar  applications. 
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